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1
THREE-DIMENSIONAL PRINTING AND
SCANNING SYSTEM AND METHOD

SUMMARY

Disclosed herein are systems and methods for three-di-
mensional (3D) printing and scanning (or rapid prototyping).
For example, presented herein are 3D printing and scanning
systems and methods to create a 3D replica of a 3D object on
a build surface in a single device. Movements and/or controls
of the system are generally based on polar coordinates rela-
tive to a center of a build surface. System components may
generally include: (1) a rotatable build surface; (2) a media
extruder positioned over the build surface; (3) a heating ele-
ment to melt media as it is drawn into the extruder; (4) an
extruder positioning system coupled to the extruder and con-
figured to move the extruder over the build surface based on
polar coordinates relative to a center of the build surface; and
(5) an optical scanning system comprising one or more cam-
eras positioned to obtain a plurality of two-dimensional (2D)
images of'a 3D object; and/or (7) a microcontroller coupled to
the data transmission system and configured to execute con-
trol code. In certain embodiments, the system components
include an image processor communicably coupled to the
microcontroller, wherein the image processor receives the
plurality of 2D images, converts the plurality of 2D images
into a 3D surface reconstruction of the 3D object, and gener-
ates control code based on the 3D surface reconstruction. In
other embodiments, the system components may include a
data transmission system coupled to the optical scanning
device and configured with the ability to send the plurality of
2D images to an external processor to convert the plurality of
2D images into a 3D surface reconstruction of the 3D object

BRIEF DESCRIPTION OF THE FIGURES

The accompanying drawings, which are incorporated
herein, form part of the specification. Together with this writ-
ten description, the drawings further serve to explain the
principles of, and to enable a person skilled in the relevant
art(s), to make and use the claimed systems and methods.

FIG. 1 is a perspective view of a 3D printer and scanner,
according to one embodiment.

FIG. 2 illustrates a top view of a 3D printer and scanner,
according to one embodiment.

FIG. 3A illustrates a side view of a 3D printer and scanner,
according to one embodiment.

FIG. 3B illustrates a side view of a 3D printer and scanner,
according to one embodiment.

FIG. 4A illustrates a system block diagram for a 3D printer
and scanner and external processing device, according to one
embodiment.

FIG. 4B illustrates a system block diagram for a 3D printer
and scanner with an internal image processing device,
according to one embodiment.

FIG. 5 illustrates a schematic drawing of an example com-
puting system.

DETAILED DESCRIPTION

Three-dimensional (3D) printing (a.k.a. rapid prototyping
and/or additive manufacturing) refers to techniques and sys-
tems for making 3D solid objects from a digital model. 3D
printing uses an additive process of depositing successive
layers of media (or melt material) on a build surface until the
3D object is fully reconstructed. Typically, 3D printer and
scanners move a printhead (or extruder) over the build surface
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in X and Y axes, based on Cartesian coordinates. However,
3D printer and scanners with printhead movements based on
Cartesian coordinates have inherent limitations. Further-
more, 3D scanning ofa 3D object requires the rotation ofa3D
object in front of imaging sensors.

In some aspects of the present disclosure, a 3D printer and
scanner is provided that enables scanning of a 3D object, and
further, enables printing of a 3D object such as a replica of the
3D object that is scanned. In certain embodiments, the 3D
printer and scanner includes a rotational build surface, which
enables rotation of the 3D object for scanning and printing
purposes. Disclosed herein are systems and methods for 3D
printing wherein movements and/or controls of the system are
generally based on polar coordinates relative to a center of a
build surface. System components may generally include: (1)
arotatable build surface; (2) a media extruder positioned over
the build surface; (3) a heating element to melt media as it is
drawn into the extruder; (4) an extruder positioning system
coupled to the extruder and configured to move the extruder
over the build surface based on polar coordinates relative to a
center of the build surface; and (5) an optical scanning system
comprising one or more cameras positioned to obtain a plu-
rality of two-dimensional (2D) images of a 3D object; and/or
(7) amicrocontroller coupled to the data transmission system
and configured to execute control code. In certain embodi-
ments, the system components include an image processor
communicably coupled to the microcontroller, wherein the
image processor receives the plurality of 2D images, converts
the plurality of 2D images into a 3D surface reconstruction of
the 3D object, and generates control code based on the 3D
surface reconstruction. In other embodiments, the system
components may include a data transmission system coupled
to the optical scanning device and configured with the ability
to send the plurality of 2D images to an external processor to
convert the plurality of 2D images into a 3D surface recon-
struction of the 3D object

The systems and methods presented herein have advan-
tages over prior 3D printing systems in that they: (1) result in
simplified and less expensive control systems; (2) can be
implemented with DC motors, instead of traditional stepper
motors; (3) can be smaller, taking up a smaller machine
footprint, than traditional X,Y-based systems; (4) have a build
surface to machine footprint ratio of 1:2 or less; (5) are quieter
because they don’t require the “jerking” around in two dimen-
sions seen in traditional X,Y-based systems; (6) create
smoothers curved surfaces, which increase resolution on
organic shapes; and/or (7) use the same mechanisms and
build surface to perform both scanning and printing opera-
tions.

The following detailed description of the figures refers to
the accompanying drawings that illustrate exemplary
embodiments. Other embodiments are possible. Modifica-
tions may be made to the embodiments described herein
without departing from the spirit and scope of the present
invention. Therefore, the following detailed description is not
meant to be limiting.

FIGS. 1,2, 3A, 3B, 4A, and 4B illustrates various views of
a 3D printer and scanner, according to certain embodiments.
As the 3D printer and scanners shown are similar and include
similar features, the figures are described together. For the
sake of clarity and brevity, the common features will not be
described in great detail repeatedly, but rather reference to the
previous discussion is applicable.

FIG. 1 is a perspective view of a 3D printer and scanner,
according to one embodiment. 3D printer and scanner system
100 includes a rotatable build surface 101, media extruder
102, and horizontal camera 103 and vertical camera 104
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which are included as part of an optical scanning system.
Reference axes x, y, and z are shown for reference purposes.
The rotatable build surface 101 is within the x-y plane and
rotates about the z-axis.

The media extruder 102 is positioned over the build surface
101, and moves over the build surface based on polar coordi-
nates relative to a center of the build surface (e.g., the center
of rotation of the build surface). The media extruder 102
moves along the reference x-axis shown in the figures, to
provide movement in the radial direction (r-direction) from
the center axis of rotation, A, of the rotatable build surface
101. The angle of rotation, 6, is shown about the center axis of
rotation. In the embodiment shown, the media extruder 102 is
coupled to a print gantry 105 that extends in the r-direction.
The media extruder 102 and the rotatable build surface 101
also move relative to each other in the z-direction. In one
embodiment, the media extruder 102 moves in the z-direction
while the rotatable build surface 101 is stationary in the
z-direction. In another embodiment, the rotatable build sur-
face 101 moves in the z-direction while the media extruder
102 is stationary in the z-direction. In yet another embodi-
ment, both the rotatable build surface 101 and the media
extruder 102 move in the z-direction in conjunction with one
another.

The media extruder 102 moves along the print gantry 105
to provide the radial movement, r, from the center of the axis
ofrotation, A, towards the outer perimeter of the build surface
101. Furthermore, the build surface 101 is rotatable about its
center axis, A, at an angle of rotation, 0. Still further, the
media extruder 102 and build surface 101 are movable in the
z-direction relative to one another. In this way, the media
extruder 102 and build surface 101 may be moved or rotated
based on polar coordinates—e.g., r, 6, z. With regard to the
reference axes shown, both r and 6 are in the reference x-y
plane.

Having the media extruder only move in the r-direction,
and not requiring movement in the y-direction, enables the
extruder 102 to be moved less compared to traditional sys-
tems where the extruder is moved in the x and y-direction. It
should be appreciated that in some embodiments the print
gantry 105 may be offset from the radial axis to account for
the thickness or width of the extruder to provide the extrusion
along the radial axis.

FIG. 2 illustrates a top view of a 3D printer and scanner,
according to one embodiment. As similarly described above
for FIG. 1, 3D printer and scanner 100 is includes a rotatable
build surface 101, media extruder 102, print gantry 105, and
horizontal camera 103 and vertical camera 104 which are
included as part of an optical scanning system. The media
extruder 102 moves along the print gantry 105 to provide the
radial movement, r, from the center of the axis of rotation A,
which is shown as the same as the z-axis.

3D printer and scanner 100 also includes a motor 106 (e.g.,
a DC motor) that is coupled to the build surface 101 such that
actuation of the DC motor 106 rotates the build surface 101.
For example, the DC motor 106 may be coupled to one or
more gears to provide rotation of the build surface 101. For
instance, as shown, the DC motor 106 may be operably
coupled to pinion 116 gear 107 and gear 108 which is fixed to
the rotatable build surface 101. Upon actuation of the DC
motor 106, gears 107 and 108 are rotated to provide rotation
of the build surface 101 about the rotation axis A. In one
embodiment, the DC motor 106 rotates the build surface 101
in one direction. In another embodiment, the DC motor 106
rotates the build surface 101 in both directions.

3D printer and scanner 100 may also include an extruder
positioning system coupled to the media extruder 102 and
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configured to move the media extruder 102 over the build
surface 101 based on polar coordinates relative to a center of
the build surface (e.g., the center axis of rotation, A). For
example, the extruder positioning system may include the
print gantry 105 to guide the media extruder 102 in the r-di-
rection to provide the distance, r, from the center axis of
rotation, A. Furthermore, the extruder positioning system
may include a motor 110 (e.g., stepper motor), which is
operably coupled to the media extruder 102 to provide the
radial movement relative to the build surface upon actuation
of the stepper motor 110. It should be appreciated that other
types of motors may be implemented—e.g., a motor imple-
mented within a linear-actuator to (actuate) the print head
along the radial gantry.

The media extruder 102 and the rotatable build surface 101
also move relative to each other in the z-direction. FIG. 3A
illustrates a side view of a 3D printer and scanner 100, accord-
ing to one embodiment. In the embodiment shown, the media
extruder 102 moves in the z-direction while the rotatable
build surface 101 is stationary in the z-direction. For example,
the extruder positioning system may include another motor
111 (e.g., stepper motor) to move the media extruder 102
axially relative to the build surface 101. For instance, the
stepper motor 111 may be coupled to a threaded shaft coupled
to the print gantry 105. In this way, upon actuation of the
stepper motor 111, the media extruder 102 and print gantry
105, move in the vertical z-direction.

FIG. 3B illustrates a side view of a 3D printer and scanner
100, according to yet another embodiment. In the embodi-
ment shown, the rotatable build surface 101 moves in the
z-direction while the media extruder 102 is stationary in the
z-direction. For example, the 3D printer and scanner 100 may
include a stepper motor 112 that is operably coupled to the
build surface 101, such that upon actuation of the stepper
motor 112, the rotatable build surface 101 moves axially
towards the media extruder 102. For example, the stepper
motor 112 may be coupled to a threaded shaft coupled to the
rotatable build surface 101. In this way, upon actuation of the
stepper motor, the stepper motor 112 causes the threaded
shaft to rotate and move the build surface 101 in the vertical
z-direction towards the media extruder 102 which remains
stationary in the z-direction. It should be appreciated that
other known translation mechanisms other than a threaded
shaft, or its equivalents, may also be implemented in other
embodiments.

The media extruder 102 may also include a filament input
430 for receiving a filament that is operably coupled to a
motor 420 (e.g., stepper motor) (see, e.g., FIGS. 4A and 4B),
which draws the filament into the extruder to the heating
element 440 (e.g., heating chamber). The 3D printer and
scanner system also include a heating element to melt the
filament as it is drawn into the extruder. The stepper motor
420 and heating element 440 are located close to the exit of
the extrusion nozzle 450. For example, in one embodiment,
the heating element 440 is positioned within 0.5 inches from
the exit of the output nozzle. In this way, for instance, the
filament is still cool when it enters the extruder and can be
gripped by teeth on the stepper motor 420 inside the extruder
head, and then forced through a small heating chamber 440
that has a tiny hole (the extruder nozzle) on its exit. The media
extruder 102 also include an output nozzle for depositing
filament melt onto the build surface 101. The media extruder
102 also includes other components such as a temperature
sensor (e.g., thermocouple or thermistor) coupled to the
extruder’s heating chamber, to monitor the temperature of the
melted filament being provided by the extruder 102.
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In an alternative embodiment, the 3D printer and scanner
includes more than one extruder head on the print gantry. For
example, in one embodiment, two extruder heads are operat-
ing simultaneously on the print gantry. In some instances, the
two extruder heads are operating on opposite sides of the
center axis of rotation.

Any variety of materials may be implemented in different
embodiments. Example materials may include, but are not
limited to, various polymers such as acrylonitrile butadiene
styrene (ABS), polycarbonate (PC), nylon, polylactic acid
(PLA), PC/ABS, and polyphenylsulfone (PPSU).

The 3D printer and scanner 100 may also include an optical
scanning system including a plurality of cameras. For
example, as shown, the optical scanning system may include
camera 103 and camera 104 that are positioned to obtain a
plurality of two-dimensional (2D) images of a 3D object on
the rotatable build surface 101. Each of cameras 103 and 104
may include one or more cameras. Therefore, the term “cam-
era 103” and camera 104" are used broadly herein to include
one or more cameras. Camera 103 includes two horizontal
viewing cameras, while camera 104 includes two vertical
viewing cameras. In one embodiment, for example, as shown
in FIG. 3 A, the vertical viewing camera 104 is coupled to the
media extruder 102 such that the vertical viewing camera 104
move with the media extruder 102 in the r-direction. If the
media extruder 102 and print gantry 105 also moves in the
z-direction, then the vertical viewing camera 104 will also
move in the z-direction. The horizontal viewing camera 103 is
shown positioned near the perimeter of the build surface 101
to provide 2D images looking sideways toward the rotation
axis A.

In one embodiment, the camera 103 is coupled to the build
surface 101 and moves in the z-direction when the build
surface 101 moves in the z-direction. In another embodiment,
the camera 103 is coupled to the print gantry 105 and moves
in the z-direction when the print gantry 105 moves in the
z-direction.

The horizontal viewing camera 103 and vertical viewing
camera 104 may include, for example, photodetectors (e.g.,
photodiodes or photomultipliers) that receive light and gen-
erate 2D image data. Cameras may include, but are not lim-
ited to, technologies such as complementary metal-oxide-
semiconductor (CMOS) image sensors, charge-coupled
device (CCD) image sensors, etc. It should be appreciated
that other types of cameras may also be implemented in
different embodiments. For instance, the camera may include
different resolutions (e.g., VGA resolution). In some
instances, the camera may see non-visible light such as infra-
red light for example. In some instances, the light is struc-
tured. In some instances, a camera may include more than one
lens, and further, may include different types of lenses, such
as a wide-angle lens for example.

The optical scanning system also includes one or more
light sources, such as light emitting diodes (LEDs) for
instance. For example, the LED’s provide light that irradiates
the 3D object and is reflected and detected by photodiodes or
photomultipliers of the cameras 103 and 104 to provide 2D
image data. Different types of light may be implemented in
various embodiments—e.g., light, structured light, visible,
invisible (e.g., infrared), etc. The light sources may be sepa-
rate from the cameras 103 and 104 and/or remote from the
cameras 103 and 104 (e.g., mounted to the inside ofthe device
pointing toward the rotating build surface and illuminating
the 3D object); or may be positioned proximate to the cameras
103 and 104 (e.g., coupled to, or integrated on, the camera).

In one embodiment, the horizontal viewing camera 103
may include two cameras positioned proximate to one
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another with one or more LEDs positioned between the two
cameras illuminating the object being scanned. Similarly, the
vertical viewing camera 104 may include two cameras posi-
tioned proximate to one another, with one or more LEDs
positioned between the two cameras. Example distances
between the two cameras on either camera 103 or camera 104
may include, but are not limited to ranges such as 4 inches or
less, for instance 2 inches or less, including 1 inch or less. The
number of LEDs may vary in different embodiments.
Example number of LED’s may include, but are not limited
to, 10 orless, such as 5 or less, including 2 or less. While each
of’cameras 103 and 104 are described with two cameras in the
figures, it should be appreciated that each of horizontal and
vertical viewing cameras may include more than two cam-
eras.

FIGS. 4A and 4B illustrate system block diagrams fora 3D
printer and scanner, according to certain embodiments. As the
systems are similar and include similar features, the figures
are described together. For the sake of clarity and brevity, the
common features will not be described in great detail repeat-
edly, but rather reference to the previous discussion is appli-
cable.

The 3D printer and scanner 100 includes microcontroller
403. Microcontroller 403 communicably coupled to motor
drivers (e.g., as described in further detail below) and periph-
erals (e.g., cameras, LEDs, keypad, touchscreen, safety
switches, etc.). Microcontroller 403 communicates to sup-
porting chips (e.g., the motor drivers) for control of various
functions, such as all motion of the 3D printer and scanner.
For instance, motor drivers may be controlled to provide the
current required to drive the motors. For example, in one
embodiment, microcontroller 403 actuates the motor 106 for
rotational movement of the build surface 101, as well as any
of the motors 110, 111, and 112 described above for move-
ment along the r and z directions. The microcontroller 403
may also actuate the heating element in a coordinate fashion
to create a 3D replica of the 3D object on the build surface. An
example microcontroller 403 may include, but is not in any
way limited to, an 8-bit microcontroller, ATmega2560, manu-
factured by Atmel Corporation.

In certain embodiments, such as shown in FIGS. 4A and
4B, the 3D printer and scanner 100 also includes motor driv-
ers 404, 405, 406, and 408 that are communicably coupled to
motors 110, 106, 111 (or 112), and 420, respectively. The
motor drivers 404, 405, 406, and 408 are also communicably
coupled to microcontroller 403. In this way, for example,
microcontroller 403 controls motor drivers 404, 405, and 406
to provide control of the stepper motor 110 for r-direction
movement, the DC motor 106 for rotational movement, and
the stepper motor 111 (or stepper motor 112) for z-direction
movement, respectively.

3D printer and scanner 100 is also shown in FIG. 4 to
include heating bed with control circuitry 407 to control the
heating of the heating bed—e.g., to ensure a filament mate-
rial, such as acrylonitrile butadiene styrene (ABS) for
instance, does remain stuck to the bed during the build pro-
cess. For example, in one embodiment, the heated bed may
heat to approximately 110 degrees Celsius. Other materials,
such as polylactic acid (PLA), do not require the heating bed
to remain hot to remain stuck to the heating bed.

The 3D printer and scanner 100 is also shown including a
motor driver 408 communicably coupled to stepper motor
420 within media extruder 102. Microprocessor 403, motor
driver 408 and stepper motor 420 provide control to provide
filament to the media extruder 102. In some instances, one or
more of motor drivers 404, 405, 406, and 408 may be included
on a separate circuit board than microcontroller 403.



US 9,364,995 B2

7

In the embodiment shown in FIG. 4A, the 3D printer and
scanner 100 also includes a data transmission system 402 that
is capable of being communicably coupled to the optical
scanning system to send the plurality of 2D images to an
external processor to convert the plurality of 2D images into
a 3D surface reconstruction of the 3D object, and to receive
from the processor 401, control code (e.g., G-Code) that is
based on the 3D surface reconstruction. For example, in one
embodiment, data transmission system 401 includes a trans-
ceiver 419 that is used to communicate via a wired or wireless
technology (e.g., Universal Serial Bus (USB), USB,
FireWire, SPI, SDIO, Ethernet, RS-232 port, or any other
suitable electrical connector to enable data communication)
to an processor 401—e.g., within remote data processing
device 409 (e.g., a computer). The processor may be included
within any variety of remote data processing devices, such as,
but not limited to, a personal computer, server, laptop, PDA,
cellular phone, smartphone, set-top box, etc. In one embodi-
ment, the data transmission system 402 communicates with
the processor 401 (e.g., computer 409) via the internet or
other network.

In the embodiment shown in FIG. 4B, an image processor
401 is included in the 3D printer and scanner 100. As shown,
the image processor 401 is communicably coupled to micro-
controller 403. The plurality of 2D images from the cameras
103 and 104 are received by the image processor 401, which
generates a 3D representation based on the 2D images. For
example, processor 401 may generate control code (e.g.,
G-Code) to be used by microcontroller 403 to control the 3D
printer and scanner 100 (e.g., movement in the r, 0, and z by
motors 110, 106, 111 (or 112); as well as control of the motor
420).

For example, the control code provided by processor 401 in
either FIG. 4A or 4B, may include instructions for a plurality
of'slices of the 3D object in the z-direction to enable the 3D
objected to be replicated layer by layer from the bottom up.
The instructions for the first layer are provided to microcon-
troller 403 to control the 3D printer and scanner to extrude
filament at the appropriate locations on the build surface to
produce the first slice of the 3D object. Again, the instructions
include the movement in the r, 6, and z for the extruder 102
and build surface 101 to generate the first slice of the 3D
object. Instructions for the next slice above the first slice is
then executed by the 3D printer and scanner to extrude fila-
ment and produce the second slice of the 3D object, as simi-
larly done for the first slice. This process continues up the
replicated 3D object until the replica is complete.

The media extruder 102 may also include a filament input
430 for receiving a filament that is operably coupled to a
motor 420 (e.g., stepper motor), which draws the filament into
the extruder to the heating element 440 (e.g., heating cham-
ber). The 3D printer and scanner system also include a heating
element to melt the filament as it is drawn into the extruder.
The stepper motor 420 and heating element 440 are located
close to the exit of the extrusion nozzle 450.

Inuse, a 3D object is placed on the build surface 101 of the
3D printer and scanner 100. The optical scanning system
including cameras 103 and 104 and lights (e.g., LEDs) which
are used to obtain two-dimensional (2D) images of the 3D
object. The LED’s provide light that irradiates the 3D object
and is reflected and detected by photodetectors (e.g., photo-
diodes or photomultipliers) of cameras 103 and 104 to pro-
vide image date representing a 2D image.

Furthermore, the rotational build surface 101 may be
rotated via DC motor 106 to rotate the 3D object with respect
to the cameras 103 and 104 while the cameras obtains addi-
tional 2D image data. The DC motor 106 may be controlled
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by microcontroller 403 and/or motor driver 405. Similarly,
the cameras 103 and 104 and lights (e.g., LEDs) may be
moved in the r-direction with respect to the 3D object via
stepper motor 110. The stepper motor 110 is controlled by
microcontroller 403 and/or motor driver 404. Similarly, cam-
eras 103 and 104 and lights (e.g., LEDs) may be moved in the
z-direction with respect to the 3D object via stepper motors
111 (or 112). The stepper motors 111 and 112 are controlled
by microcontroller 403 and/or motor driver 406. The move-
ment in the r, 6, and z directions may be controlled in con-
junction to provide a plurality of 2D images around the 3D
object and at different heights (e.g., height with respect to
z-direction).

As stated previously, the plurality of 2D images from the
cameras 103 and 104 are received by processor 401, which
generates a 3D surface representation of the 3D object based
on the plurality of 2D images. For example, processor 401
generates control code (e.g., G-Code) and communicates the
control code to microcontroller 403 for control of the 3D
printer and scanner 100 (e.g., movement in the r, 8, and z for
the extruder 102 and build surface 101 by motors 110, 106,
111 (or 112); as well as control of the stepper motor 420). The
control code includes, for example, instructions for the
microcontroller 403 to enable the 3D printer and scanner 100
to generate a replica 3D object.

The control code includes, for example, instructions for
controlling the movement of the media extruder 102 and build
surface 101 in the r, 6, and z directions, in order to create a
replica 3D object. For instance, the control code includes
instructions for the rotating the build surface 101 at an angle,
0, via DC motor 106, to rotate the 3D object. The control code
also includes instructions for moving the extruder 102 in the
r-direction via stepper motor 110. Again, the instructions for
moving the extruder 102 in the r-direction are provided in
radial distances from the center of the axis of rotation, A,
towards the outer perimeter of the build surface 101. In this
way, the media extruder only moves in the r-direction and
eliminates movement of the extruder in the y-direction. Fur-
thermore, not requiring translation in the y-direction, may
provide an additional benefit of reducing the footprint of the
build area. For example, the 3D printer and scanners in the
present disclosure do not require movement of the build sur-
face in the y-direction, and thus require less space than sys-
tems that would require movement in the y-direction. For
example, in one embodiment, the footprint of a 3D printer and
scanner not having translation of the build surface in the
y-direction, as described in the present disclosure, has a ratio
of approximately 1:2, versus a traditional printer requiring
translation of the build surface in the y-direction that would
require a footprint of 1:4. The control code also includes
instructions for moving the extruder 102 (or alternatively the
build surface 101) in the z-direction via stepper motors 111
(or 112). Furthermore, the control code may also include
instructions with respect to controlling providing filament via
extruder 102. For instance, the instructions may include con-
trol code for controlling when to actuate the stepper motor
420 that draws the filament to the extruder 102. In this way,
the control code may include instructions for controlling driv-
ers 404, 405, 406, and/or 408.

Control code controls movement inther, 6, and z directions
to enable the replication of the 3D object. For example, the
control code provided by processor 401 may include instruc-
tions for a plurality of slices of the 3D object in the z-direction
to enable the 3D objected to be replicated layer by layer from
the bottom up. The instructions for the first layer are provided
to microcontroller 403 to control the 3D printer and scanner to
extrude filament at the appropriate locations on the build
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surface to produce the first slice of the 3D object. Again, the
instructions include the movement in the r, 6, and z for the
extruder 102 and build surface 101 to generate the first slice of
the 3D object. Instructions for the next slice above the first
slice is then executed by the 3D printer and scanner to extrude
filament and produce the second slice of the 3D object, as
similarly done for the first slice. This process continues up the
replicated 3D object until the replica is complete.

In one embodiment, such as shown in FIG. 4A, the proces-
sor 401 is located on a remote data processing device (e.g.,
computer 409). The plurality of 2D images are transmitted
wired or wirelessly to the processor 401 (e.g., computer 409)
via data transmission system 402 on the 3D printer and scan-
ner. In some instances, the 2D images are transmitted to
processor 401 via the internet. In another embodiment, such
as shown in FIG. 4B, processor 401 is included within 3D
printer and scanner 100.

It should be understood that the term processor is used
broadly herein to refer to any processing chip or embedded
processing cores. For example, the processor may include
processors, microprocessor, digital signal processors (DSPs),
and/or programmable circuitry programmed or configured by
software and/or firmware, or special-purpose “hardwired”
circuitry, or in a combination of such forms. Such program-
mable circuitry or special-purpose circuitry (if any) can be in
the form of, for example, one or more application-specific
integrated circuits (ASICS), programmable logic devices
(PLDs), field-programmable gate arrays (FPGAs), etc. It
should also be appreciated that such programmable circuitry
or special-purpose circuitry may combine one or more func-
tions or features described herein—e.g., functions provided
by the processor and microcontroller, etc.

Additional Embodiments

In one embodiment, there is provided a 3D printing system
configured to create a 3D replica of a 3D object on a build
surface, with movements and/or controls based on polar coor-
dinates relative to a center of a build surface. The printing
system comprises: (a) a rotatable build surface; (b) a motor
(e.g., DC motor) coupled to the build surface such that actua-
tion of the motor rotates the build surface; and (c) an extruder
positioned over the build surface. The extruder includes (1) a
filament input for receiving a filament, (2) a motor (e.g.,
stepper motor) for drawing the filament into the extruder, (3)
a heating element to melt the filament as it is drawn into the
extruder, and (4) an output nozzle for depositing filament melt
onto the build surface. The printing system further comprises:
(d) an extruder positioning system coupled to the extruder and
configured to move the extruder over the build surface based
on polar coordinates relative to a center of the build surface.
The extruder positioning system includes (1) a motor (e.g.,
stepper motor) for moving the extruder radially relative to the
center of the build surface, and (2) a motor (e.g., stepper
motor) for moving the extruder axially relative to the build
surface. The printing system further comprises: () an optical
scanning system comprising one or more cameras positioned
to obtain a plurality of 2D images of a 3D object; and (g) a
microcontroller coupled to the data transmission system and
configured to execute the control code, wherein execution of
the control code actuates the motors, and the heating element
in a coordinate fashion to create a 3D replica of the 3D object
onthe build surface. The optical scanning system may include
means for moving the one or more cameras axially or radially
with respect to the build surface in order to obtain multiple
images of the 3D object. The means for moving the one or
more cameras may incorporate the use of the motor (e.g.,
stepper motor) for moving the extruder radially relative to the
center of the build surface, and motor (e.g., stepper motor) for
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moving the extruder axially relative to the build surface. At
least one camera may be coupled to the extruder such that
movement of the extruder results in movement of the camera.
For example, the camera may be vertically oriented to move
relatively above the build surface. It should be appreciated
that various types of motors may be implemented for any of
the described motors in different embodiments. For example,
in one embodiment, the DC motor rotates the build surface
while the other motors are stepper motors.

In certain embodiments, the system components include an
image processor communicably coupled to the microcontrol-
ler, wherein the image processor receives the plurality of 2D
images, converts the plurality of 2D images into a 3D surface
reconstruction of the 3D object, and generates control code
based on the 3D surface reconstruction. In other embodi-
ments, the system components may include a data transmis-
sion system coupled to the optical scanning device and con-
figured with the ability to send the plurality of 2D images to
an external processor to convert the plurality of 2D images
into a 3D surface reconstruction of the 3D object, and receive
control code from the external processor, wherein the control
code is based on the 3D surface reconstruction;

In another embodiment, there is provided a 3D printing
system based on polar coordinates, comprising: (a) a build
surface; (b) an extruder positioned over the build surface for
depositing filament melt onto the build surface; (c¢) an
extruder positioning system coupled to the extruder and con-
figured to move the extruder over the build surface based on
polar coordinates relative to a center of the build surface
serving as a center of origin; and (d) a microcontroller
coupled to the extruder positioning system and configured to
execute a control code, wherein execution of the control code
actuates the extruder positioning system to move the extruder
in axial and radial directions relative to the center of the build
surface. The radial movement is measure from the center of
the axis of rotation, A, towards the outer perimeter of the build
surface. Furthermore, the extruder can move completely
across the entire diameter of the build surface. The system
may further comprise: (e) a motor coupled to the build surface
such that actuation of the motor rotates the build surface.
Rotation ofthe build surface can be clockwise, counter-clock-
wise, one-directional, bi-directional, etc. The system may
further comprise: (f) a motor couple to the build surface and
configured to control the rotational position of the build sur-
face. The extruder may further comprise: (1) a filament (or
pellet, or media) input for receiving a filament (or pellet, or
media); (2) a motor for drawing the filament into the extruder;
(3) a heating element to melt the filament as it is drawn into
the extruder; and (4) an output nozzle for depositing the
filament melt onto the build surface. The extruder positioning
system may further comprise: (1) a motor for moving the
extruder radially (in positive or negative radius); and (2) a
motor for moving the extruder axially. The extruder may
move in either direction away from the axis of rotation, and
the distance, r, is measured from the axis of rotation for
instance.

The system may further comprise: (g) a scanning device
positioned to obtain a plurality of 2D images of a 3D object;
and (h) a data transmission system coupled to the scanning
device and configured to send the plurality of 2D images to an
external processor, and receive control code from the external
processor. The control code may include commands for con-
trolling the filament melt being processed by the extruder.
The control code may include commands for controlling the
radial position of the extruder relative to the center of the
build surface. The control code may include commands for
controlling the axial position of the extruder relative to the
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build surface. The plurality of images may be obtained by the
scanning device while the 3D object is rotated on the build
surface. The scanning device may include a charge-coupled
device (CCD) image sensor and/or a complementary metal-
oxide semiconductor (CMOS) image sensor.

In another embodiment, there is provide a 3D printing
system, comprising: (a) a build surface; (b) an extruder posi-
tioned over the build surface for depositing media melt onto
the build surface; and (¢) means for controlling the position of
the extruder, relative to the build surface, based on polar
coordinates. The means for controlling the position of the
extruder may further comprise: (1) a motor coupled to the
extruder to move the extruder radially relative to a center of
the build surface; (2) a motor coupled to the extruder to move
the extruder axially relative to the build surface; (3) a motor
coupled to the build surface to move the build surface axially
relative to the extruder; and/or (4) a microcontroller config-
ured to execute a control code, wherein execution of the
control code moves the extruder in axial and radial directions
relative to a center of the build surface. The extruder may
further comprise: (1) a media input for receiving media; (2) a
stepper motor for drawing the media into the extruder; (3) a
heating element to melt the media as it is drawn into the
extruder; and (4) an output nozzle for depositing the media
melt onto the build surface.

The system may further comprise: (d) a motor coupled to
the build surface, wherein actuation of the motor rotates the
build surface; (e) a scanning device positioned to obtain a
plurality of 2D images of a 3D object; and/or (f) a data
transmission system coupled to the scanning device and con-
figured to send the plurality of 2D images to an external
processor, and receive control code from the external proces-
sor. The control code may include commands for controlling
the filament melt being processed by the extruder, commands
for controlling the radial position of the extruder relative to a
center of the build surface, and/or commands for controlling
the axial position of the extruder relative to the build surface.
The plurality of images may be obtained by the scanning
device while the 3D object is rotated on the build surface.

The extruder may include: (g) a heating element and/or (h)
a temperature sensor. The temperature of the extruder may
serve as a data input to a stepper motor for drawing the media
into the extruder. For example, depending on the speed of the
filament being processed through the extruder, current being
delivered to the extruder’s heating element may be adjusted to
control the temperature of the extruder (and thus the melt) so
as to provide the appropriate (i.e., desired) temperature to
melt the filament. A microcontroller may use proportional
integral derivative (PID) algorithms to sample temperature
changes and counter-act current flow to adjust the tempera-
ture accordingly. In other words, a closed-loop feedback con-
troller may be used to gradually control the temperature of the
extruder.

Insstill another embodiment, there is provided a 3D printing
and scanning device, comprising: (a) a rotatable build sur-
face; (b) an extruder positioned over the build surface,
wherein the extruder includes (1) a filament input device for
receiving a filament, (2) a heating element to melt the filament
as it is drawn into the extruder, and (3) an output nozzle for
depositing filament melt onto the build surface; (¢) an
extruder positioning system coupled to the extruder and con-
figured to move the extruder radially and axially over the
build surface; (d) an imaging device positioned to obtain a
plurality of 2D images ofa 3D object; and (e) a processor. The
device may further comprise: (f) a computer readable storage
medium having instructions, executable by the processor,
which when executed cause the processor to (1) convert the

20

25

30

40

45

55

12

plurality of 2D images into a 3D surface reconstruction
model, (2) convert the 3D surface reconstruction model into
control code, and (3) execute the control code so as to control
the extruder positioning system and create a 3D replica of the
3D object on the build surface with coordinated radial and
axial movements over the build surface.

Inyet another embodiment, there is provided a 3D printing
and scanning method based on polar coordinates. The method
comprises: (a) positioning an extruder over a rotatable build
surface; (b) configuring an extruder positioning system to
move the extruder radially and axially relative to the build
surface; and (c) executing a control code, with a microcon-
troller coupled to the extruder positioning system, in order to
fabricate a 3D object.

In another embodiment, there is provided a 3D printing and
scanning method comprising: (a) obtaining a plurality of 2D
images of a 3D object with the scanning device; (b) creating
a 3D computer-aided design (CAD) model of the 3D object;
(c) creating control code based on the 3D CAD model; and (d)
executing the control code so as to perform coordinated radial
and axial movements of an extruder, which is positioned over
a rotatable build surface, to fabricate a 3D replica of the 3D
object.

In still another embodiment, there is provided a 3D printing
and scanning method, comprising: (a) obtaining a plurality of
2D images of a 3D object with the scanning device; (b)
transmitting the plurality of 2D images to a processor to
create a 3D computer-aided design (CAD) model of the 3D
object; (c) receiving control code from the processor, wherein
the control code is based on the 3D CAD model of the 3D
object; and (d) executing the control code so as to perform
coordinated radial and axial movements of an extruder, which
is positioned over a rotatable build surface, to fabricate a 3D
replica of the 3D object.

In another embodiment, there is provided a 3D printing and
scanning method based on polar coordinates. The method
comprises: (a) receiving control code from the processor,
wherein the control code is based on a 3D computer-aided
design (CAD) model of a 3D object; and (b) executing the
control code so as to perform coordinated radial and axial
movements of an extruder, which is positioned over a rotat-
able build surface, to fabricate a 3D replica of the 3D object.

In still another embodiment, there is provided a 3D printing
and scanning method based on polar coordinates. The method
comprises: (a) receiving a control code from a processor,
wherein the control code is based on a 3D computer-aided
design (CAD) model; and (b) executing the control code so as
to perform coordinated radial movements of an extruder,
which is positioned over a rotatable build surface, to fabricate
a 3D object.

Inyet another embodiment, there is provided a 3D printing
and scanning method, comprising: (a) receiving a plurality of
2D images ofa 3D object from an optical scanning device; (b)
creating a 3D surface reconstruction model of the 3D object;
(c) converting the 3D surface reconstruction into control code
to perform coordinated radial and axial movements of an
extruder, which is positioned over a rotatable build surface, to
fabricate a 3D replica of the 3D object using polar coordinate
movements; and (d) delivering the control code to a remote
3D printer and scanner.

Communication between Parties

In one embodiment, communication between the various
parties and components of the present invention is accom-
plished over a network consisting of electronic devices con-
nected either physically or wirelessly, wherein digital infor-
mation is transmitted from one device to another. Such
devices (e.g., end-user devices and/or servers) may include,
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but are not limited to: a desktop computer, a laptop computer,
ahandheld device or PDA, a cellular telephone, a set top box,
an Internet appliance, an Internet TV system, a mobile device
or tablet, or systems equivalent thereto. Exemplary networks
include a Local Area Network, a Wide Area Network, an
organizational intranet, the Internet, or networks equivalent
thereto.

Computer Implementation

In some aspects, the invention is directed toward one or
more computer systems capable of carrying out the function-
ality described herein. FIG. 5 illustrates a schematic drawing
of' a computer system 500 used to implement the methods
presented above. Computer system 500 includes one or more
processors, such as processor 401. The processor 401 is con-
nected to a communication infrastructure 506 (e.g., a com-
munications bus, cross-over bar, or network). Computer sys-
tem 500 can include a display interface 502 that forwards
graphics, text, and other data from the communication infra-
structure 506 (or from a frame buffer not shown) for display
on a local or remote display unit 530.

Computer system 500 also includes a main memory 508,
such as random access memory (RAM), and may also include
a secondary memory 510. The secondary memory 510 may
include, for example, a hard disk drive 512 and/or a remov-
able storage drive 514, representing a floppy disk drive, a
magnetic tape drive, an optical disk drive, flash memory
device, etc. The removable storage drive 514 reads from
and/or writes to a removable storage unit 518. Removable
storage unit 518 represents a floppy disk, magnetic tape,
optical disk, flash memory device, etc., which is read by and
written to by removable storage drive 514. As will be appre-
ciated, the removable storage unit 518 includes a computer
usable storage medium having stored therein computer soft-
ware, instructions, and/or data.

In alternative embodiments, secondary memory 510 may
include other similar devices for allowing computer programs
or other instructions to be loaded into computer system 500.
Such devices may include, for example, a removable storage
unit 522 and an interface 520. Examples of such may include
a program cartridge and cartridge interface (such as that
found in video game devices), a removable memory chip
(such as an erasable programmable read only memory
(EPROM), or programmable read only memory (PROM))
and associated socket, and other removable storage units 522
and interfaces 520, which allow computer software, instruc-
tions, and/or data to be transferred from the removable stor-
age unit 522 to computer system 500.

Computer system 500 may also include a communications
interface 524. Communications interface 524 allows com-
puter software, instructions, and/or data to be transferred
between computer system 500 and external devices.
Examples of communications interface 524 may include a
modem, a network interface (such as an Ethernet card), a
communications port, a Personal Computer Memory Card
International Association (PCMCIA) slot and card, etc. Soft-
ware and data transferred via communications interface 524
are in the form of signals 528 which may be electronic,
electromagnetic, optical or other signals capable of being
received by communications interface 524. These signals 528
are provided to communications interface 524 via a commu-
nications path (e.g., channel) 526. This channel 526 carries
signals 528 and may be implemented using wire or cable,
fiber optics, a telephone line, a cellular link, a radio frequency
(RF) link, a wireless communication link, and other commu-
nications channels.

In this document, the terms “computer-readable storage
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usable medium” are used to generally refer to non-transient
media, such as removable storage drive 514, removable stor-
age units 518, 522, and/or a hard disk installed in hard disk
drive 512. These computer program products provide com-
puter software, instructions, and/or data to computer system
500. These computer program products also serve to trans-
form a general purpose computer into a special purpose com-
puter programmed to perform particular functions, pursuant
to instructions from the computer program products/soft-
ware. Embodiments of the present invention are directed to
such computer program products.

Computer programs (also referred to as computer control
logic) are stored in main memory 508 and/or secondary
memory 510. Computer programs may also be received via
communications interface 524. Such computer programs,
when executed, enable the computer system 500 to perform
the features of the present invention, as discussed herein. In
particular, the computer programs, when executed, enable the
processor 401 to perform the features of the presented meth-
ods. Accordingly, such computer programs represent control-
lers of the computer system 500. Where appropriate, the
processor 401, associated components, and equivalent sys-
tems and sub-systems thus serve as “means for” performing
selected operations and functions. Such “means for” per-
forming selected operations and functions also serve to trans-
form a general purpose computer into a special purpose com-
puter programmed to perform said selected operations and
functions.

In an embodiment where the invention is implemented
using software, the software may be stored in a computer
program product and loaded into computer system 500 using
removable storage drive 514, interface 520, hard drive 512,
communications interface 524, or equivalents thereof. The
control logic (software), when executed by the processor 401,
causes the processor 401 to perform the functions and meth-
ods described herein.

In another embodiment, the methods are implemented pri-
marily in hardware using, for example, hardware components
such as ASICs or FPGAs. Implementation of the hardware
state machine so as to perform the functions and methods
described herein will be apparent to persons skilled in the
relevant art(s). In yet another embodiment, the methods are
implemented using a combination of both hardware and soft-
ware.

Embodiments of the invention, including any systems and
methods described herein, may also be implemented as
instructions stored on a non-transient machine-readable
medium, which may be read and executed by one or more
processors. A machine-readable medium may include any
mechanism for storing or transmitting information in a form
readable by a machine (e.g., a computing device). For
example, a machine-readable medium may include read only
memory (ROM); random access memory (RAM); magnetic
disk storage media; optical storage media; flash memory
devices; and others. Further, firmware, software, routines,
instructions may be described herein as performing certain
actions. However, it should be appreciated that such descrip-
tions are merely for convenience and that such actions in fact
result from computing devices, processors, controllers, or
other devices executing firmware, software, routines, instruc-
tions, etc.

Conclusion

The foregoing description of the invention has been pre-
sented for purposes of illustration and description. It is not
intended to be exhaustive or to limit the invention to the
precise form disclosed. Other modifications and variations
may be possible in light of the above teachings. The embodi-
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ments were chosen and described in order to best explain the
principles of the invention and its practical application, and to
thereby enable others skilled in the art to best utilize the
invention in various embodiments and various modifications
as are suited to the particular use contemplated. It is intended
that the appended claims be construed to include other alter-
native embodiments of the invention; including equivalent
structures, components, methods, and means.

As will be apparent to those of skill in the art upon reading
this disclosure, each of the individual embodiments described
and illustrated herein has discrete components and features
which may be readily separated from or combined with the
features of any of the other several embodiments without
departing from the scope or spirit of the present invention.
Any recited method can be carried out in the order of events
recited or in any other order which is logically possible.
Further, each system component and/or method step pre-
sented should be considered a “means for” or “step for”
performing the function described for said system component
and/or method step. As such, any claim language directed to
a “means for” or “step for” performing a recited function
refers to the system component and/or method step in the
specification that performs the recited function, as well as
equivalents thereof.

Use ofthe term “may” (e.g., “may,” “may be,” “may have”)
within this description generally indicates that the described
operation, structure, or other innovative element described is
present in one or more embodiments of the invention, but is
not necessarily present in all embodiments. Therefore, the
term “may” is not indefinite herein, but indicates a condition
relevant to at least a subset of the possible embodiments
according to the applicants’ contemplation of the invention.

It is to be appreciated that the Detailed Description section,
and not the Summary and Abstract sections, is intended to be
used to interpret the claims. The Summary and Abstract sec-
tions may set forth one or more, but not all exemplary
embodiments of the present invention as contemplated by the
inventor(s), and thus, are not intended to limit the present
invention and the appended claims in any way.

29 ¢ 294

What is claimed is:

1. A three-dimensional (3D) printing and scanning system
configured to create a 3D replica of a 3D object on a build
surface, with movements and/or controls based on polar coor-
dinates relative to a center of a build surface, comprising:

an uninterrupted circular planar build surface which is

rotatable about a central axis of rotation;

afirst motor coupled to the build surface such that actuation

of the first motor rotates the build surface;

an extruder positioned over the build surface, wherein the

extruder includes

a filament input for receiving a filament,

a second motor for drawing the filament into the
extruder,

a heating element to melt the filament as it is drawn into
the extruder, and

an output nozzle for depositing filament melt onto the
build surface;

an extruder positioning system coupled to the extruder and

configured to move the extruder over the build surface

based on polar coordinates relative to a center of the

build surface, wherein the extruder positioning system

includes:

a third motor for moving the extruder radially relative to
the center of the build surface, and

a fourth motor for moving the extruder axially relative to
the build surface;
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an optical scanning system comprising one or more cam-
eras positioned to obtain a plurality of two-dimensional
(2D) images of a 3D object; and

a microcontroller coupled to a data transmission system
and configured to execute control code, wherein execu-
tion of the control code actuates the first motor, the
second motor, the third motor, the fourth motor, and the
heating element in a coordinate fashion to create a 3D
replica of the 3D object on the build surface.

2. The printing and scanning system of claim 1, wherein the
optical scanning system includes a moving element for mov-
ing the one or more cameras axially or radially with respect to
the build surface in order to obtain multiple images of the 3D
object.

3. The printing and scanning system of claim 2, wherein the
moving element for moving the one or more cameras incor-
porates the use of the third and fourth motors.

4. The printing and scanning system of claim 1, wherein at
least one of the one or more cameras is coupled to the extruder
such that movement of the extruder results in movement of
the camera.

5. The printing and scanning system of claim 1, wherein the
data transmission system is coupled to the optical scanning
device and configured to send the plurality of 2D images to an
external processor to convert the plurality of 2D images into
a 3D surface reconstruction of the 3D object, and receive
control code from the external processor, wherein the control
code is based on the 3D surface reconstruction.

6. The printing and scanning system of claim 1, further
comprising:

an image processor communicably coupled to the micro-

controller, wherein the image processor receives the plu-
rality of 2D images, converts the plurality of 2D images
into a 3D surface reconstruction of the 3D object, and
generates control code based on the 3D surface recon-
struction.

7. The printing and scanning system of claim 1, wherein the
first motor is a DC motor, and the second, third, and fourth
motors are stepper motors.

8. A three-dimensional (3D) printing and scanning system
based on polar coordinates, comprising:

an uninterrupted circular planar build surface which is

rotatable about a central axis of rotation;

an extruder positioned over the build surface for depositing

filament melt onto the build surface;

an extruder positioning system coupled to the extruder and

configured to move the extruder over the build surface
based on polar coordinates relative to a center of the
build surface serving as a center of origin;
an optical scanning system comprising one or more cam-
eras positioned to obtain a plurality of two-dimensional
(2D) images of a 3D object; and

a microcontroller coupled to the extruder positioning sys-
tem and configured to execute a control code, wherein
execution of the control code actuates the extruder posi-
tioning system to move the extruder in axial and radial
directions relative to the center of the build surface.

9. The system of claim 8, further comprising:

afirst motor coupled to the build surface such that actuation

of the motor rotates the build surface.

10. The system of claim 9, wherein rotation of the build
surface is one-directional.

11. The system of claim 9, wherein the build surface is
configured to rotate about the central axis of rotation in a first
direction and non-simultaneously, in a second direction.

12. The system of claim 8, wherein the extruder further
comprises:
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a filament input for receiving a filament;

a first motor for drawing the filament into the extruder;

a heating element to melt the filament as it is drawn into the

extruder; and

an output nozzle for depositing the filament melt onto the

build surface.

13. The system of claim 8, wherein the extruder positioning
system further comprises:

a first motor for moving the extruder radially; and

a second motor for moving the extruder axially.

14. The system of claim 8, further comprising:

a scanning device positioned to obtain a plurality of two-

dimensional (2D) images of a 3D object; and

a data transmission system coupled to the scanning device

and configured to send the plurality of 2D images to an
external processor, and receive control code from the
external processor.

15. The system of claim 14, wherein the control code
includes commands for controlling the filament melt being
processed by the extruder.

16. The system of claim 14, wherein the control code
includes commands for controlling the radial position of the
extruder relative to the center of the build surface.

17. The system of claim 14, wherein the control code
includes commands for controlling the axial position of the
extruder relative to the build surface.

18. The system of claim 14, wherein the plurality of images
are obtained by the scanning device while the 3D object is
rotated on the build surface.
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19. A three-dimensional (3D) printing and scanning sys-

tem, comprising:

an uninterrupted circular planar build surface which is
rotatable about a central axis of rotation;

an extruder positioned over the build surface for depositing
media melt onto the build surface;

an optical scanning system comprising one or more cam-
eras positioned to obtain a plurality of two-dimensional
(2D) images of a 3D object; and

a positioning element for controlling the position of the
extruder, relative to the build surface, based on polar
coordinates; wherein the positioning element for con-
trolling the position of the extruder further comprises a
motor coupled to the extruder to move the extruder radi-
ally relative to a center of the build surface.

20. The system of claim 19, wherein the extruder further

comprises:

a media input for receiving media;

a motor for drawing the media into the extruder;

a heating element to melt the media as it is drawn into the
extruder; and

an output nozzle for depositing the media melt onto the
build surface.

21. The system of claim 19, further comprising:

a first motor coupled to the build surface and configured to
control a rotational position of the build surface.
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